nitrogen, phosphorus, and silicon.
Consequently, the ongoing and accelerating enrichment of seawater with anthropogenic CO 2 will likely have farreaching effects not only on the carbon cycle, but also on the cycles of these biologically required nutrients.
Many of the key pathways and transformations in ocean nutrient cycles are mediated by autotrophs.
Photoautotrophs, including cyanobacteria and eukaryotic phytoplankton, fix CO 2 using sunlight as an energy source, while chemoautotrophic bacteria and archaea do the same thing using chemical sources of energy. Together, these two broadly defined functional groups provide the raw materials and energy that fuel all of the ocean's food webs.
For autotrophic groups that depend on carbon fixation for a living, rising partial pressure of CO 2 (pCO 2 ) in the ocean may actually represent an opportunity rather than a misfortune. The term "ocean acidification" carries undeniably negative connotations, and indeed it is hard to envision how most animals and microbial heterotrophs could benefit from lowered ocean pH. However, dissolved inorganic carbon enrichment is an equally accurate description of anthropogenic input of CO 2 to the ocean, and this terminology evokes a much different image of how communities might respond. Much of our view of ocean acidification as an unmitigated stressor for marine life comes from well-justified concern over its negative impacts on corals and other calcifying organisms (Kleypas et al., 1999; Feely et al., 2004; Fabry et al., 2008) . It is important to remember, though, that for many of the autotrophs that power the cycles of carbon and nutrients in the ocean and support virtually all marine biological productivity, the term "CO 2 fertilization" may be more appropriate.
There are several comprehensive recent reviews on the effects of changing pCO 2 iNtroDuctioN The accumulation of fossil-fuel-derived CO 2 in the sea and consequent ocean acidification represents an unprecedented human perturbation of ocean chemistry on a global scale. A fundamental theme of modern oceanography that dates back to the classic work of Redfield (1958) is a recognition of the intimate interweaving of the marine biogeochemical cycle of carbon with the cycles of the major nutrient elements aBStr act
The ocean carbon cycle is tightly linked with the cycles of the major nutrient elements nitrogen, phosphorus, and silicon. It is therefore likely that enrichment of the ocean with anthropogenic CO 2 and attendant acidification will have large consequences for marine nutrient biogeochemistry, and for the microbes that mediate many key nutrient transformations. The best available evidence suggests that the nitrogen cycle may respond strongly to higher CO 2 through increases in global N 2 fixation and possibly denitrification, as well as potential decreases in nitrification. These trends could cause nitrification to become a nitrogen cycle "bottleneck, " by increasing the flux of N 2 fixed into ammonium while decreasing the fraction being oxidized to nitrite and nitrate. The consequences could include reduced supplies of oxidized nitrogen substrates to denitrifiers, lower levels of nitrate-supported new primary production, and expansion of the regenerated production system accompanied by shifts in current phytoplankton communities. The phosphorus and silicon cycles seem less likely to be directly affected by enhanced CO 2 conditions, but will undoubtedly respond indirectly to changing carbon and nitrogen biogeochemistry. A review of culture experiments that examined the effects of increased CO 2 on elemental ratios of phytoplankton suggests that for most cyanobacteria and eukaryotes, C:N and N:P ratios will either remain at Redfield values or increase substantially. Natural plankton community CO 2 manipulation experiments show much more mixed outcomes, with both increases and decreases in C:N and N:P ratios reported at future CO 2 levels. We conclude our review with projections of overall trends in the cycles of nitrogen, phosphorus, and silicon over the next century as they respond to the steady accumulation of fossil-fuel-derived CO 2 in a rapidly changing ocean. on phytoplankton physiology, including Riebesell (2004) and Rost et al. (2008) .
In this article we explore what is currently known about the implications of ocean acidification and CO 2 fertilization for the biogeochemical cycles of nitrogen, phosphorus, and silicon, and for the keystone marine organisms that mediate them, including photoautotrophs, chemoautotrophs, and heterotrophs. Along with the rapidly mounting concern about ocean acidification, the marine science community has produced a flood of new information from experimental studies in both the laboratory and the field. These novel results are helping to provide the perspective we need to make educated guesses in response to such questions as:
How will crucial processes in the marine nitrogen cycle, including nitrogen fixation, nitrification, and denitrification, respond to ocean acidification? Will the cycles of phosphorus and silicon change in response to anthropogenic CO 2 inputs, and if so, how? How will elevated pCO 2 affect the C:N:P stoichiometry of phytoplankton in the ocean? Finally, we conclude this review with a projection of how nutrient biogeochemistry might be altered in the future in response to CO 2 enrichment and concomitant ocean acidification. We acknowledge that our projections are speculative, as we recognize that many large gaps remain in this developing picture, and there is a need for additional work to fill these gaps.
tHe NitrogeN cycle
The potential for ocean acidification to affect multiple processes within the marine nitrogen cycle is obvious, . (a) enhanced N 2 fixation rates of cultured marine cyanobacteria at projected future pco 2 (750-1000 ppm), expressed as a percent (%) increase over N 2 fixation rates at current pco 2 (370-400 ppm). Data are taken from experiments using: (1) and (2) Trichodesmium erythraeum strain gBr (great Barrier reef) grown at 29°c or 25°c across a range of 380-750 ppm co 2 ;
(3) T. erythraeum strain iMS 101 grown at both 25°c and 29°c across a range of 380-750 ppm co 2 ; (4) T. erythraeum strain iMS 101 grown at 25°c across a range of 380-750 ppm co 2 (Barcelos e ramos et al., 2007); (5) T. erythraeum strain iMS 101 grown at 25°c across a range of 400-900 ppm co 2 (levitan et al., 2007); (6) T. erythraeum strain iMS 101 grown at 25°c across a range of 370-1000 ppm co 2 , (Kranz et al., 2009) ; and (7) Crocosphaera watsonii strain WH8501 grown at 28°c across a range of 380-750 ppm co 2 . (b) potential future increases in annual global N 2 fixation by Trichodesmium spp. (left axis), based on maximum (blue) and minimum (red) levels of co 2 stimulation observed in laboratory cultures by Hutchins et al. (2007) . estimated atmospheric pco 2 (right axis) is plotted in green. CO 2 data from Royal Society (2005) (Figure 3 ). The very rapid (hours) responses of these natural Trichodesmium samples suggest that CO 2 was a proximate limitation on N 2 fixation rates, in a manner very analogous to a limiting nutrient. The short time frame of their responses further suggests that it was unlikely that the colonies needed to induce new cellular biochemical systems to take advantage of the CO 2 enrichment. To our knowledge, these are the first field data supporting the results from the laboratory studies referenced above, but much more evidence from natural diazotroph populations will be needed before we can robustly assess the potential importance of CO 2 stimulation of marine N 2 fixation for global biogeochemical cycles.
If we assume that the results of previous laboratory culture experiments can legitimately be scaled up to the whole ocean, we can calculate the potential increase in future new N inputs by Trichodesmium due to CO 2 fertilization. Current annual global N 2 fixation by Trichodesmium spp. has been estimated to be about 60 x 10 9 kg N yr -1 (Mahaffey et al., 2005) . Calculations using estimates of predicted atmospheric Although Hutchins et al. (2007) found that N 2 fixation rates of Trichodesmium increased with pCO 2 up to about 750 ppm, N 2 fixation rates did not continue to rise as pCO 2 was further elevated to 1250 and 1500 ppm.
For this reason, we believe that the increase in the total amount of potential Figure 3 . N 2 fixation rates of collected natural Trichodesmium spp. colonies from the gulf of Mexico in three separate experiments, incubated for four to six hours at current pco 2 (380 ppm, black) and projected year 2100 pco 2 (750 ppm, red). error bars are the standard deviations of triplicate bottles in each treatment. N 2 fixation rates at elevated pco 2 in these three experiments were increased by 6%, 21%, and 41% above rates at ambient pco 2 .
diazotrophs in the present-day ocean , and adding pCO 2 into the mix as another potentially limiting factor is likely to muddy these waters even further. It is therefore crucial that we understand how the availability of these two other potentially limiting nutrients may interact with observed CO 2 effects on N 2 fixers.
The interaction of CO 2 with P has been tested using a factorial experimental approach in which both P-limited and P-replete Trichodesmium cultures were grown at two pCO 2 levels (380 and 750 ppm; Hutchins et al., 2007) . These results were intriguing, in that higher pCO 2 still stimulated N 2 fixation rates even in severely P-limited cultures. Because either phosphate or CO 2 additions resulted in higher N 2 and CO 2 fixation and growth rates, this suggests a form of independent co-limitation between the two (Saito et al., 2008) . 
Nitrification
The physiology of nitrifying proteobacteria and archaea could be directly influenced by ocean acidification in at least two ways. There is evidence suggesting that the actual enzymatic substrate during the first step of nitrification by Nitrosomonas may be NH 3 , rather than NH 4 + (Ward, 2008) . Because the ammonia/ammonium (NH 3 /NH 4 + )
buffer system in seawater has a pK a of about 9.19 (Millero, 2007) , the projected reduction in seawater pH over the next century will reduce the fraction of NH 3 by nearly 50%, from ~ 6% to ~ 3% (Bange, 2008) . This suggests a possible negative impact of higher acidity on marine nitrification rates, due to reductions in available substrate concentrations.
On the other hand, because nitrifiers are autotrophs, like many phytoplankton they could also benefit from the increased availability of CO 2 in seawater.
Almost nothing is presently known about the physiology of inorganiccarbon-concentrating mechanisms in Crocosphaera grown at 190 ppm co 2 (black), 380 ppm co 2 (red), and 750 ppm co 2 (green), under both (a) Fe-replete and (b) Fe-limited growth conditions. N 2 fixation rates are linearly correlated with pco 2 in Fe-replete cultures, but are unaffected by pco 2 changes in Fe-limited cultures. From Fu et al. (2008a) marine nitrifying chemoautotrophs or the potential for carbon limitation of these organisms. The ultimate cause of CO 2 limitation in many prokaryotic and eukaryotic phytoplankton at present-day pCO 2 is the low affinity of the Rubisco enzyme for CO 2 . Consequently, nitrifying proteobacteria should be equally vulnerable to CO 2 limitation, because both the NH 3 -oxidizing genus Nitrosomonas and the NO 2 --oxidizing genus Nitrobacter also fix carbon using the Calvin cycle (Ward, 2008 Several investigators have predicted large increases in ocean suboxia as a result of future sea surface warming and intensified stratification (Sarmiento et al., 1998; Matear and Hirst, 2003; Gnanadesikan et al., 2007) . CO 2 -driven enhancement of ocean N 2 fixation, as discussed above, would greatly increase the ultimate source of fixed nitrogen to denitrifiers. In contrast, the potential decreases in nitrification rates at lower pH previously mentioned would tend to decrease the availability and supply of oxidized nitrogen compounds to serve as substrates for denitrification.
Although it seems that denitrification will almost certainly respond strongly to an acidifying ocean, these large uncertainties suggest that more information will be needed to reliably determine the magnitude and even the likely direction of many of these responses. Only a handful of studies have examined acidification effects on diatom silicification, and these few suggest that direct pCO 2 impacts are generally small. Milligan et al. (2004) 
tHe p aND Si cycleS

pHytoplaNKtoN eleMeNtal StoicHioMetry
The elemental ratios of phytoplankton represent the pivotal intersection of the cycles of carbon, nitrogen, and phosphorus in the ocean. Because of the central role that algal C:N:P ratios play in our understanding of global ocean biogeochemistry (Redfield, 1958) , the effects of changing pCO 2 on phytoplankton stoichiometry have been examined in many experiments dating back at least a decade, to some of the earliest publications in the relatively new field of ocean acidification studies (Burkhardt et al., 1999) . Despite this fairly large body of results, there is still no consensus on whether phytoplankton elemental ratios are likely to be altered in a systematic, predictable manner in a future acidified ocean.
We gathered a collection of the is immediately apparent is that in all of these studies, cyanobacterial C:N and N:P ratios either increased or remained the same with increased pCO 2 ; there are no reports of decreases in either of these ratios. Fu et al. (2007) found that both C:N and N:P ratios increased (by 9% and 29%) in Synechococcus, but neither ratio responded to changing pCO 2 in Prochlorococcus. The C:N ratios of Fe-replete cultures of the unicellular diazotroph Crocosphaera increased with higher pCO 2 (by 8%) but N:P ratios did not, while both ratios were unchanged in Fe-limited treatments (Fu et al., 2008a) .
Among the laboratory studies using (2007) . Neither Levitan et al. (2007) nor Kranz et al. (2009) reported N:P ratios, and among the four studies, only Levitan et al. (2007) found increases in C:N ratios with higher pCO 2 (Figure 5a ). 
eukaryotic phytoplankton cultures
Natural assemblage experiments
The collection of natural assemblage experimental results suggests a much more mixed picture in terms of the direction of changes in C:N and N:P with pCO 2 ; both increases and decreases in these ratios have been commonly reported (Figure 5c ). Feng et al. (2009, in press) found no changes in either C:N or N:P ratios as a function of pCO 2 in two shipboard continuous culture incubations carried out using a coccolithophore/diatom community during the North Atlantic spring bloom, and a diatom/Phaeocystis assemblage in the Ross Sea, Antarctica (Figure 5c ). Tortell et al. (2002) used differences in nutrient drawdown to calculate much lower N:P utilization ratios (-18%) at high pCO 2 , coinciding with a shift from diatoms to Phaeocystis in an equatorial Pacific assemblage. A mesocosm experiment using a diatom-dominated assemblage from a Norwegian fjord showed an 8% increase in C:N ratios but no change in N:P ratios; these results were used to suggest large potential shifts in future global C:N export stoichiometry and the consequent increases in ocean suboxia discussed in the denitrification section above (Oschlies et al., 2008) . A previous experiment using the same mesocosm facility, but with an assemblage dominated instead by coccolithophores (Engel et al., 2005) , showed a small increase in C:N (3%) but a large decrease in N:P (-12%). Another mesocosm experiment in Korean coastal waters found no response of C:N ratios to increasing pCO 2 but did not report N:P ratios (Kim et al., 2006) . Two continuous culture incubations with communities collected from the continental shelf and offshore waters in the Bering Sea (Hare et al., 2007) , and carried out at both ambient These differences could be due in part to differences in incubation methods, which have included small volume shipboard continuous cultures similar in principle to laboratory chemostats (Hare et al., 2007; Feng et al., 2009, in press ), semi-continuous incubations in which part of the seawater is removed periodically and replaced with fresh filtered water (Tortell et al., 2002; recent work of author Fu and colleagues), and very large volume mesocosms in which plankton are grown in "batch" mode until nutrients are exhausted (Engel et al., 2005; Kim et al., 2006; Riebesell et al., 2007) . It is also highly likely that the major differences in plankton The potentially increased fluxes of ammonium coming from CO 2 -fertilized nitrogen fixers will have only two ways to go; if nitrification is progressively inhibited by acidification, more ammonium will likely be diverted into the algal assimilatory pathway (Figure 1 ).
Annamox could also possibly help to consume some of this excess ammonium supply, but because anaerobic ammonium oxidation also requires supplies of fixation occurs are more uncertain. Some modeling studies predict changes in precipitation patterns over the continents that will reduce iron inputs to the ocean from dust (Mahowald and Luo, 2003) , while other investigators predict potentially increased aeolian iron supply to the ocean from accelerating agricultural desertification (Takeda and Tsuda, 2005) or industrial pollution (Sedwick et al., 2007 " speciation of organically complexed iron (Millero et al., 2009 ). There is a clear need for more holistic experimental and modeling studies that attempt to incorporate feedbacks between rising ocean pCO 2 and acidity, and all of these other concurrent and often linked environmental change variables.
Future phosphorus and Silicon cycles
At present, the P and Si cycles seem less likely to be directly affected by rising ocean pCO 2 , but they undoubtedly will react indirectly to the expected changes in the C and N cycles. Phytoplankton community composition changes may be especially important in determining the way the silicon cycle will respond in the future ocean. The apparent lack of a strong influence of pCO 2 on most algal cellular P requirements should allow oceanographers to use P as a relatively conservative denominator to which changing C and N quotas can be compared; fortuitously, we already routinely use P in this way as a normalizer in the Redfield ratio.
Future algal elemental ratios and Nutrient Stoichiometry
Far-reaching impacts on future nutrient cycles and biological productivity are to be expected if algal elemental ratios are systematically influenced by pCO 2 , as some studies suggest. Our survey of laboratory culture data suggests that the C:N and N:P ratios of most cyanobacteria and many eukaryotic phytoplankton will either remain near Redfield values, or increase as pCO 2 rises during the coming century. These responses appear to be species-specific, making community and ecosystem predictions problematic. Higher global average algal N:P ratios would tend to deplete the ocean inventory of fixed N relative to P, thus favoring increased nitrogen fixation above and beyond the direct effects of CO 2 fertilization. Higher algal C:N ratios would provide negative feedback on rising atmospheric pCO 2 , but could also potentially lead to worldwide expansion of oxygen-depleted zones (Oschlies et al., 2008) .
Not surprisingly, the collected results of experiments that manipulated pCO 2 in complex natural plankton assemblages are not quite as clear-cut as those from monospecific culture studies. In fact, C:N ratios increased with higher pCO 2 in only three of the natural community data sets we examined; in five cases they declined, and in three experiments they were unchanged. Trends in N:P ratios were similarly mixed. We need to be very cautious about making broad global generalizations about stoichiometry changes from any particular experiment, and much more information will be needed to confidently extrapolate incubation results to century-scale, ocean-wide trends. In fact, the few studies that have looked at the long-term responses (thousands of generations) of phytoplankton to high pCO 2 have found no evidence for the evolution of new traits (Collins and Bell, 2006) . However, through random mutational degradation, some cell lines in these studies did lose existing traits that operate only at low pCO 2 , such as high-affinity dissolved inorganic carbon acquisition systems. This observation raises the possibility that some marine microbes may adapt to a high pCO 2 ocean in ways that will make them less competitive if human remediation efforts are able to eventually lower atmospheric 
